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Edited by Maurice MontalAbstract DDT inhibits Na channel inactivation and deactiva-
tion, promotes Na channel activation and reduces the resting po-
tential of Xenopus oocytes expressing the Drosophila para Na
channel. These changes are only marginally inﬂuenced by the sin-
gle mutation M918T (super-kdr) but are reduced 10-fold by
either the single mutation L1014F (kdr) or the double mutation
L1014F + M918T, both of which confer resistance to the pyre-
throids permethrin and deltamethrin. We conclude that DDT
binds either to or in the region of L1014 on IIS6 but only weakly
to M918 on the IIS4–S5 linker, which is part of a high-aﬃnity
binding site for permethrin and deltamethrin.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Members of the family of cation-selective, voltage-depen-
dent ion channels (Na, K and Ca channels) contain four
homologous subunits, each with six hydrophobic segments
(S1–S6). In the a-subunits of Na channels the homologous do-
mains (DI–IV) are linked, with S5 and S6 of each domain lin-
ing the central ion-conduction pore and with the S4s forming
the four voltage sensors [1]. A linker (IIS4–S5) in the cytoplas-
mic domain, located near the intracellular mouth of the chan-
nel, may form part of the docking site for the fast inactivation
particle [2,3], i.e., the IFM sequence from the cytoplasmic loop
between DIII and DIV [4], and may also be involved in the
coupling between the voltage sensors and the activating gate(s)
[5]. Insect neuronal Na channels are structurally and function-
ally homologous to those found in mammalian and other ver-
tebrate excitable systems, the para subunit of Drosophila
melanogaster (fruitﬂy) [6] being homologous to the mammalian
a-subunit.
When wild-type, para Na channels of D. melanogaster,Mus-
ca domestica (houseﬂy), Heliothis virescens (moth) and Blat-
tella germanica (cockroach) are expressed in Xenopus laevis*Corresponding author. Fax: +44 155 9513230.
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doi:10.1016/j.febslet.2005.09.096oocytes and activated by a step depolarisation, they deactivate
rapidly following repolarisation [7–14]. Deactivation is slowed
following application of a pyrethroid (e.g., deltamethrin and
permethrin), with the appearance of a tail current. Pyrethroids
also reduce closed-state inactivation, thereby increasing peak
Na current amplitude during a step depolarisation, reduce
open-state inactivation and shift the voltage dependence for
activation to more hyperpolarised values [9]. Pyrethroid-resis-
tance mutations (termed kdr and super-kdr) reduce the sensitiv-
ity of insect Na channels to pyrethroids (reviewed in [15,16]).
The kdr mutation L1014F, located in the IIS6 transmembrane
segment, reduces sensitivity of the para Na channel of D. mel-
anogaster by 10-fold, while up to 1000-fold reduction in sen-
sitivity results from the super-kdr mutation M918T that is
located on the IIS4–S5 linker. It has been suggested that resi-
dues L1014 and M918 might be sites for binding of pyrethroids
[17].
DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane) was
once an important weapon in our armoury against pest insects,
but is now banned in many countries because of its adverse
environmental impact. However, because it is still widely em-
ployed in parts of the world as the only aﬀordable method
for controlling malaria-carrying mosquitoes, it is important
to gain further information on its mode of action and the inﬂu-
ence that insecticide resistance mutations are likely to have on
its eﬀectiveness as a chemical control agent [18]. It was shown
some time ago that the L1014F mutation reduces sensitivity
of houseﬂies to DDT by 10-fold [19], so the more recent dis-
coveries of kdrmutations (including L1014F) in mosquitoes are
not surprising [20,21]. However, super-kdr mutations have not
yet been discovered in these medically-important pest insects.
Although the structure of DDT is diﬀerent from that of a
pyrethroid, both target insect Na channels. This functional
convergence has led to the suggestion that DDT and pyre-
throids may share one or more binding sites on these chan-
nels. Like deltamethrin, DDT slows repolarisation following
an action potential and causes repetitive discharges [22,23].
Therefore, it seems reasonable to ask whether the super-kdr
mutation M918T that greatly reduces sensitivity to delta-
methrin is equally eﬀective against DDT. To investigate this,
we have expressed wild-type and mutant para Na channels of
D. melanogaster in Xenopus laevis oocytes and used voltage
clamping to quantify the eﬀects of DDT on these channels.
We show that, like pyrethroids, DDT shifts the voltage
dependence of activation of the para Na channel to more
negative potentials, reduces closed-state inactivation, reducesblished by Elsevier B.V. All rights reserved.
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cantly, we show that whereas the L1014F mutation reduces
Na channel sensitivity to DDT, permethrin and deltamethrin
the super-kdr mutation M918T only marginally inﬂuences the
action of DDT. This unexpected discovery not only provides
valuable insights into the sub-molecular binding sites for
DDT and pyrethroids on voltage-gated Na channels but also
has important implications for strategies designed to control
medically-important, tropical insect pests employing DDT
and pyrethroids such as permethrin and deltamethrin.2. Materials and methods
2.1. Construction of wild-type and mutant transcripts
The wild-type D. melanogaster para (pgh19-13-5) and tipE
constructs have been described previously [7,9]. Kdr (L1014F) and
super-kdr (M918T) mutations were introduced into the para gene con-
struct using the QuikChange site-directed mutagenesis kit (Stratagene
Ltd., La Jolla, CA, USA). Para and tipE RNA transcripts were syn-
thesised from Not-1 linearised plasmid templates using the T7 mMES-
SAGE mMACHINE kit (Ambion Inc., Austin, TX, USA). The
numbering of Na channel residues in this paper is based on the para
Na channel sequence of M. domestica (EMBL Accession No.
X96668) in which the kdr and super-kdr mutations were ﬁrst described
[24].
2.2. Oocyte preparation
Xenopus laevis oocytes were isolated and injected according to
standard procedures. cRNA transcripts (1 ng nl1) for wild-type and
mutant para channels were mixed with cRNA for tipE and RNAase-Fig. 1. DDT modiﬁes activation, inactivation and deactivation of the wild-t
expressing the wild-type channel during a Vt to 70 mV from Vh = 70 mV.
the end of the Vt and a very brief tail current following repolarisation back to
recorded during a Vt to 10 mV in an oocyte (Vh = 70 mV) exposed for 24
leading to an increase in plateau current during the Vt, and the appearance of
of the Vt. Dashed line indicates zero current level. (C) Peak Na current p
increments) from 60 to +55 mV), in absence of (control) and in presence of
(1) (continuous line; see Section 2). Note increase in peak current in DDT and
negative potentials than in control, and decrease in Vrev presumably due to in
obtained from oocytes held at more negative Vhs (up to 90 mV). Param
34.6 mV; k, 8.2 mV; 100 lMDDT: Gmax, 63.7 lS; V0.5, 19.8 mV; Vrev, 10.9 m
to 100 lM DDT for 180 min (GNa values estimated from GNa = INa/(Vt  V
Boltzmann distribution (Eq. (2), see Section 2). Control: V0.5, 17.4 mV, k, 6
5.8 mV (Gmax, 25.1 lS, Vrev, 36.1 mV).free H2O, the ﬁnal mixture having a ratio by volume of 1 part Na chan-
nel transcript, 1 part tipE and 3 parts sterile H2O. X. Oocytes were iso-
lated and injected with 50 nl of this mixture and incubated at 19 C for
2–5 days in ND-96 GPT solution (in mM: NaCl, 96; KCl, 2; MgCl2, 1;
CaCl2, 1.8; Na-pyruvate, 2.5; theophylline, 0.5; gentamicin sulfate,
50 mg ml1; HEPES, 5; pH = 7.5) before recording.
2.3. Electrophysiological measurements
Two-electrode voltage clamp experiments were performed according
to Vais et al. [17] using a CA-1 ampliﬁer (Dagan Instr., Minneapolis,
MN, USA). Oocytes were mostly clamped at a holding potential
(Vh) of 70 mV and depolarising test pulses (Vt) to activate Na chan-
nels were from Vh to 10 mV for 32 ms, unless otherwise stated. The
bath solution was ND-96 (but without Na-pyruvate, theophyline and
gentamicin sulfate). Experiments were performed at room temperature
(21–23 C). The sea anemone (Anemonia sulcata) toxin ATX-II was
sometimes used to inhibit Na channel inactivation [7,25].
2.4. Data acquisition and analysis
Data were acquired using the HEKA Pulse Program (Digitimer
Ltd., Welwyn Garden City, Hertfordshire, UK) and most analyses
were performed with its companion program PulseFit. Linear leak
and capacitive currents were subtracted with P/5 steps from
120 mV. Data were sampled at 50 kHz and ﬁltered at 10 kHz. Traces
presented in text-ﬁgures were ﬁltered at 5 kHz.
2.4.1. Data analysis. Current–voltage (I–V) relationships were ﬁt-
ted using an iterative non-linear regression protocol to the following
transform of a Boltzmann equation:
I ¼ GmaxðV t  V revÞ=f1þ exp½ðV t  V 0:5Þ=kg; ð1Þ
where I stands for the peak Na current elicited by the voltage step Vt
(the test potential), Vrev is the reversal potential, Gmax is the maximal
conductance, V0.5 is the voltage for half-maximal current activation,ype para Na channel. (A) Inward Na current recorded from an oocyte
Note fast inactivation with only a small, steady-state plateau current at
Vh. Dashed line indicates zero current level. (B) Characteristic current
h to 100 lM DDT. Note partial inhibition of open-state inactivation,
a small ‘‘hooked’’ tail current, following repolarisation to Vh, at the end
lotted as a function of Vt (progressively increasing amplitude (5 mV
DDT (100 lM for 120 min). I–V relationships were best-ﬁtted with Eq.
shift to left in the I–V relationship, with Na channels opening at more
crease in intracellular Na concentration. Similar data (not shown) were
eters from the best-ﬁts: Control: Gmax, 16.3 lS; V0.5, 17.1 mV; Vrev,
V; k, 7.6 mV. (D) Na conductance (GNa) data from an oocyte exposed
rev)), plotted against Vt, with the plot ﬁtted (continuous line) by the
.6 mV (Gmax, 9.8 lS, Vrev, 45.6 mV). 100 lM DDT: V0.5, 27.3 mV, k,
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P.N.R. Usherwood et al. / FEBS Letters 579 (2005) 6317–6325 6319and k is the slope factor (in mV). The Na conductance values (G) at
each test potential were calculated using the formula G = I/(Vt  V0.5),
the ratios G/Gmax were plotted against their corresponding Vts and the
plots were ﬁtted to the following Boltzmann equation:
G=Gmax ¼ 1=f1þ exp½ðV t  V 0:5Þ=kg. ð2Þ
The percentage of modiﬁed Na channels (M(%)) was estimated using
the formula:
Mð%Þ ¼ f½I tail=ðV tail  V revÞ=Gmaxg  100; ð3Þ
where Itail represents the amplitude of the tail current recorded at mem-
brane potential Vtail (usually70 mV) and Vrev is the reversal potential
for the Na current [10,26].
2.5. Chemicals
Most chemicals were from Sigma (Poole, Dorset, UK). However,
ATX-II was purchased from Calbiochem (La Jolla, CA). Stock solu-
tions of DDT were prepared in acetone. Following dilution with
ND-96, the ﬁnal concentration of acetone in the oocyte-bathing saline
did not exceed 1%. Control experiments undertaken to check the eﬀect
of 1–2% acetone on the Na channels gave negative results. It is likely,
given the low solubility of DDT in water (3 ng ml1), that even in sal-
ine containing 1% acetone (DDT solubility in acetone, 58 g ml1) the
stated concentrations of DDT employed in this study, especially those
>10 lM, are overestimates.T
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.3. Results
In the absence of DDT, the inward Na current elicited by a
depolarising voltage step (Vt = 10 mV) declined rapidly due
to open-state inactivation (Fig. 1A). Deactivation was rapid
following repolarisation to Vh = 70 mV, making it diﬃcult
to resolve a tail current. V0.5 activation was estimated from
the best-ﬁt Boltzmann function to the relationship between
peak Na current and Vt (65 mV to up to +55 mV)
(Fig. 1C) and also from a plot of the normalised Na conduc-
tance (G/Gmax) versus step amplitude (Fig. 1D). Application
of DDT slowed Na current inactivation, enhanced the stea-
dy-state plateau current at the end of a Vt to 10 mV and in-
duced a tail current (Fig. 1B). DDT shifted the peak of the I–V
relationship and V0.5 activation towards more negative volt-
ages (Fig. 1C and D and Table 1), with 100 lMDDT reducing
V0.5 activation by >10 mV without changing k. However, the
decline in V0.5 activation developed over a relatively long time
period (Fig. 2). Therefore, in order to be sure that steady-state
conditions were reached, most experiments were undertaken
on oocytes that had been exposed to DDT for at least 24 h,
a procedure that excluded ‘‘paired’’ studies on the same oo-
cyte. After 24 h exposure to P 1 lM DDT, a single IV test
showed that V0.5 activation was signiﬁcantly more negative
than controls and did not decrease further with test pulse rep-
etition, i.e., the reduction elicited by DDT was not activation-
dependent. Exposure to DDT led to an increase in peak Na
current amplitude (and Gmax), presumably due to a reduction
of closed-state inactivation [7,9,10]. Recovery of closed-state
inactivation was typically slow (decay constant 1 min).
In the absence of DDT, inactivation was eﬀectively 100% by
the end of a Vt to 10 mV for 32 ms and the Na current decay
could be ﬁtted by a single exponential to give a decay time
constant (sdecay). However, following application of
P 10 lM DDT the current decay often comprised fast and
highly variable slow phases and was incomplete by the end
of the Vt. In 100 lMDDT, the time constant for the fast phase
of decay of the Na current and sdecay for the control current
Fig. 2. Time dependence of DDT action on V0.5 activation and
associated k value for an oocyte expressing the wild-type channel.
100 lM DDT was applied at time zero. V0.5 activation and k were
estimated from I–V plots obtained at indicated times after addition of
DDT.
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6320 P.N.R. Usherwood et al. / FEBS Letters 579 (2005) 6317–6325were signiﬁcantly diﬀerent (Table 2). Inactivation was further
investigated by comparing peak and plateau currents during a
Vt. Because inactivation was almost complete in controls, the
amplitude of the plateau current was only a few percent of the
amplitude of the peak current, but this percentage rose signif-
icantly during application of 100 lM DDT (Table 2). V0.5
inactivation was shifted slightly, but signiﬁcantly, to a more
negative value in 100 lM DDT, without any change in k
(Fig. 3A and Table 1). DDT also increased the time constant
for onset of inactivation (sonset) (Fig. 3B and Table 2), but
100 lM DDT had no signiﬁcant eﬀect on the time constant
for recovery from inactivation (srecov) (Fig. 3C; Table 2).
Tail currents were obtained during application of P 1 lM
DDT (Figs. 1B and 3). Similar concentrations of DDT have
been required to elicit currents in other preparations [27,28].
With high concentrations of DDT, some tails exhibited an
early ‘‘hook’’ (Fig. 1B) of the type observed during application
of deltamethrin [17]. Both amplitude and duration of a tail cur-
rent were proportional to DDT concentration, although the
slow equilibration of DDT led to a progressive increase in tail
amplitude over a period of 30–60 min. Tail amplitude was also
increased by repeated Vts at >0.2 Hz (data not shown). Tail
currents elicited by 10 lM DDT were best-ﬁt by either one
(s = 2.3 ± 1.2 s (n = 6)) or two exponentials (s1 = 0.78 ±
0.06 s; s2 = 4.5 ± 0.9 s (n = 9)), although decay time constants
>1 min were sometimes observed during application of
P 50 lM DDT. ATX-II (200 nM), which inhibits open- and
closed-state inactivation of the Drosophila para Na channel
[17], greatly increased tail current amplitude but not its dura-
tion. ATX-II alone did not induce a tail current (see also
[17]). The rate of decay of a tail current was markedly voltage
dependent [28,29]. Fig. 4A and B clearly shows that the rate of
decay was irreversibly increased with hyperpolarisation be-
yond Vh (70 mV) [30]. The quantitative relationship between
repolarisation voltage and tail current amplitude is illustrated
in Fig. 4C, with the concomitant relationship between repolar-
isation voltage and tail current conductance illustrated in
Fig. 4D. A Boltzmann best-ﬁt to the relationship for the
DDT-treated oocyte gave a half-deactivation voltage (V0.5
deactivation) of 88.7 mV (Fig. 4C and D; Table 1). This com-
pares with a V0.5 deactivation of a control oocyte in ATX-II of
24.3 mV, i.e., a value that is not signiﬁcantly diﬀerent
Fig. 3. Eﬀect of DDT on inactivation of the wild-type para Na channel. (a) Voltage dependence of steady-state inactivation of Na channels in an
oocyte expressing the wild-type channel, measured in the absence of (control) and presence of 100 lMDDT. The voltage dependence of inactivation
was determined by applying a conditioning pulse (Vc) (duration 50 ms; amplitude increased in increments of 5 mV from 90 to +25 mV) immediately
before a Vt to 10 mV. The data (normalised peak INa) were best-ﬁt by a Boltzmann distribution (continuous line): Control: V0.5, 41.1 mV; k,
5.2 mV. 100 lM DDT: V0.5, 53.3 mV; k, 5.3 mV. (B) The rate onset of inactivation is slowed by DDT. The rate of onset of open state inactivation
was investigated by applying series of Vcs of stepwise increasing duration (0.5–256 ms) from Vh = 70 mV to between 30 and 60 mV (in 5 mV
increments), immediately preceding a Vt to 10 mV. A 3 s delay preceded each pulse series. The time constant for inactivation onset (sonset) for each
conditioning pulse voltage was determined by ﬁtting an exponential function to the plot of peak Na current versus Vc duration. The exponential ﬁts
to the data points (means ± S.E.; n = 49) are signiﬁcantly diﬀerent (P = 0.002; F test comparison of best-ﬁt curves). (C) Recovery from inactivation
is unaﬀected by 100 lMDDT. The rate of recovery from inactivation was investigated by determining the eﬀect on the peak Na current elicited by a
Vt to 10 mV of a pre-conditioning pulse (from Vh to 10 mV for 8 ms) followed by a series of Vcs of stepwise increasing duration (0.5–256 ms
duration) from Vh = 70 mV to between 50 and 110 mV in 10 mV increments. The time constant for recovery from inactivation (srecov) for each
conditioning pulse voltage was obtained by ﬁtting a single exponential function to a plot of peak current (during the Vt) versus Vc duration. Data are
means ± S.E. (n = 5–11). The exponential ﬁts to the data points are not signiﬁcantly diﬀerent (P > 0.1).
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possible to investigate deactivation in controls in the absence
of ATX-II because of open state inactivation. It should be
noted that V0.5 activation for both controls and DDT-treated
oocytes becomes 5 mV more negative when oocytes express-
ing the wild-type channel are exposed to ATX-II (see also
[7,15]). V0.5 deactivation was independent of the concentration
of DDT and, therefore, tail amplitude and duration.
3.1. DDT action on the mutant channels
3.1.1. Kdr mutant (L1014F). After 24 h exposure to
100 lM DDT, there was a negative shift in V0.5 activation in
oocytes expressing the L1014F channel but this was consider-
ably less than for the wild-type channel (Table 1). Also, the
apparent dissociation constant (Kd) estimated from the rela-
tionship between V0.5 activation and DDT concentration was
signiﬁcantly higher than for the wild-type channel (Table 3).
However, V0.5 inactivation, sdecay, inactivation onset and inac-
tivation recovery for L1014F were not signiﬁcantly inﬂuenced
by 100 lMDDT (Table 2). The plateau/peak current ratio was
signiﬁcantly increased in 100 lM DDT, but to a lesser extent
than for the wild-type channel (Table 2). Tail currents that
were characteristically brief and often ‘‘hooked’’ were obtained
with P 10 lM DDT and were enhanced by ATX-II. The Kdestimated from the relationship between DDT concentration
and M(%) (Eq. (3)) was 17 times higher for the L1014F mu-
tant than that for the wild-type channel (Table 3).
3.1.2. Super-kdr mutant M918T. The super-kdr mutation
M918T had no eﬀect on V0.5 activation, but increased the rates
of onset of, and recovery from, inactivation more strongly
than the L1014F mutation [9,10]. 100 lM DDT shifted V0.5
activation of the M918T channel by 13 mV (Table 1). sonset
was unaﬀected by 100 lMDDT, but there was a signiﬁcant de-
crease (30%) in srecov after 24 h exposure to the insecticide
(Table 2). There was also a small (3 mV) but signiﬁcant
(P < 0.01) negative shift in V0.5 inactivation. Tail currents
obtained during application of P 1 lM DDT rarely exhibited
a ‘‘hook’’. The Kd for percentage channel modiﬁcation
(Eq. (3)) was slightly higher than for the wild-type channel
(Table 3).
3.1.3. Double mutant (L1014F + M918T). The response of
the double mutant L1014F + M918T to DDT was very similar
to that of the kdr mutant L1014F alone (Tables 1–3). Brief tail
currents, sometimes with a ‘‘hook’’, were obtained with 10–
30 lM DDT but the double mutant was clearly less sensitive
to DDT than the wild-type and the M918T mutant.
3.1.4. Resting membrane potential measurements provide
quantitative estimates of DDT action on wild-type and mutant
Fig. 4. Voltage-dependence of deactivation of the wild-type para Na channel is made more negative by DDT. (A) Na current elicited in an oocyte
exposed to 1 lMDDT by a single Vt to 10 mV from Vh = 70 mV. Repolarisation to 70 mV was followed by the appearance of a prolonged tail
current, but the duration of the tail was greatly reduced by a subsequent hyperpolarisation to100 mV. (B) Superimposed tail currents recorded from
the same oocyte as in (A) but with the membrane potential returned to diﬀerent Vhs following a Vt to 10 mV. The amplitude and duration of the tail
current is inversely proportional to the ﬁnal holding potential. (C) Plot of peak tail current (determined by ﬁtting an exponential to early part of the tail
current decay and extrapolating to the end of the Vt) versus Vh for a control oocyte (s) and an oocyte exposed to 1 lMDDT (d). There was a clear
leftward shift in the relationship following application of DDT. The control data are best-ﬁt by a Boltzmann distribution. Control: V0.5 deactivation,
30.3 mV; k = 5.4 mV. 1 lMDDT: V0.5 deactivation, 88.4 mV, k, 5.7 mV. (D) Same oocyte as in (C) but illustrating the relationship between peak
tail conductance and Vh (control (s), DDT (d)). The control (s) and DDT (d) data are both best-ﬁt by a Boltzmann distribution. Control: V0.5
deactivation, 26.1 mV; k, 6.4 mV. DDT: V0.5 deactivation, 87.6 mV; k, 6.6 mV. The oocytes in (A–D) were exposed to 200 nM ATX-II.
Table 3
Apparent dissociation constants (Kd ± S.E. of ﬁt) in lM estimated from DDT concentration–response relationships using three diﬀerent
measurements: (i) percentage of channels modiﬁed (M%), (ii) the voltage for 50% activation of Na channels (V0.5) and (iii) resting membrane
potential (RMP)
Wild-type L1014F M918T L1014F + M918T
M(%) 14.1 ± 2.3 (1.2) 300 ± 45 (0.8)*** 27 ± 3.4 (0.9)** 280 ± 27 (0.7)***
V0.5 activation 13.0 ± 1.3 (1.0) 179 ± 16 (1.0)
*** 17.1 ± 2.1 (0.9)* 196 ± 11.5 (1.1)***
RMP 7.5 ± 0.7 (0.7) 92 ± 4.6 (0.9)*** 6.3 ± 0.2 (1.1) 79 ± 5.8 (0.9)***
Because of the limited aqueous solubility of DDT, none of the concentration–response relationships exhibited plateaus. It follows that in all cases the
Kds and Hill coeﬃcients (in brackets) are only estimates derived from ﬁts to the relationships using a four-parameter logistic equation with variable
slope.
*Signiﬁcantly diﬀerent from wild-type at 0.01 < P < 0.05.
**Signiﬁcantly diﬀerent from wild-type at 0.001 < P < 0.01.
***Signiﬁcantly diﬀerent from wild-type at P < 0.005.
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cytes injected with cRNA for the para Na channel (wild-type
and mutant) were between 50 and 65 mV 3–4 days post-
injection and were not diﬀerent from the RMPs of sham
(water)-injected or non-injected oocytes. Batches of oocytes
with lower RMPs were sometimes obtained but were not
used. Also, the RMPs of oocytes injected with RNA that
did not exhibit Na currents were not included in the analyses.
Following impalement with an intracellular microelectrode,
oscillations, sometimes peaking to +70 mV, were observed
in a minority of oocytes. Such oscillations may have facili-
tated the action of DDT on the Na channels expressed in
the oocytes. Exposure to 100 lM DDT for 24 h showed that
this insecticide had no eﬀect on the RMPs of water-injected
and non-injected oocytes, although there was a small reduc-
tion (10–15%) in RMPs of water-injected and non-injectedoocytes after 72 h of DDT exposure. In contrast, exposure
to 100 lM DDT for 24 h caused a signiﬁcant reduction in
RMPs of oocytes expressing the wild-type channel (Fig. 5A,
Bar 2). This action of DDT was inhibited by 10 lM tetrodo-
toxin (Fig. 5A, Bar 3), a toxin that speciﬁcally blocks voltage-
gated Na channels [31]. 100 lM DDT reduced the mean
RMP of oocytes expressing the M918T channel by more than
50% (Fig. 5A, Bar 5), but was much less eﬀective on oocytes
expressing the L1014F (Fig 5A, Bar 4) and L1014F + M918T
(Fig. 5A, Bar 6) mutants. The relationship between RMP and
DDT concentration for the wild-type channel (Fig. 5B) shows
that signiﬁcant reductions in RMP occurred with concentra-
tions of DDT >0.1 lM. Kds estimated from concentration–
response relationships for the wild-type and M918T channels
were similar, whereas those for the L1014F mutant and the
double mutant L1014F + M918T (Fig. 5B) were much higher
Fig. 5. Long-term (24 h) exposure to 100 lMDDT reduces the RMPs
of oocytes expressing the para wild-type and mutant Na channels, but
the reduction in RMP is signiﬁcantly less for L1014F and L1014F +
M918T than for the wild-type and single M918T mutant. (A)
Comparison of RMPs of oocytes expressing wild-type and mutant
Na channels after exposure to DDT. The data are means ± S.E.M.s,
normalised by the mean RMP of wild-type oocytes measured in the
absence of DDT. Signiﬁcances of diﬀerences (60.001; Students t test)
between data in Bar 1 and data in other Bars are indicated above the
Bars, where appropriate. Bar 1: RMPs of oocytes expressing the wild-
type channel that were not exposed to DDT. Bar 2: RMPs of oocytes
expressing the wild-type channel were depressed by DDT. Bar 3: the
eﬀect of DDT on RMPs of oocytes expressing the wild-type channel is
inhibited by the Na channel blocker tetrodotoxin (TTX) (10 lM). Bars
4 and 5: 100 lM DDT had a greater eﬀect on RMPs of oocytes
expressing the super-kdr mutant M918T (Bar 5) than on RMPs of
oocytes expressing the kdr mutant L1014F (Bar 4). The diﬀerences
between the RMPs of the super-kdr mutants and the kdr mutant were
highly signiﬁcant (P < 0.001). Bar 6: the RMPs of oocytes expressing
the double mutant L1014F + M918T were not signiﬁcantly diﬀerent at
the 0.05% level from those expressing the L1014F mutant. (B)
Relationship between RMPs of oocytes expressing wild-type and
double mutant (L1014F + M918T) channels, respectively, and DDT
concentration. Oocytes were exposed for 24 h to DDT before
measurement of RMPs. The ﬁts to the data for this relationship show
that the double mutant Na channel (Kd = 79 lM) is only 8-fold less
sensitive to DDT than the wild-type (Kd = 7.5 lM).
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some caution in case diﬀerences in levels of expression of
the mutants aﬀected the impact of DDT on RMP. However,
such diﬀerences were not seen in oocytes (n = 3) sampled
from each group.4. Discussion
DDT prolongs the Na current during an action potential
and reduces the refractory period, thereby engendering repeti-
tive activity. These changes in excitability result from inhibi-
tion of closed-state inactivation, inhibition of open-state
inactivation and inhibition of deactivation, culminating in anincrease in Na channel open probability. The diﬀerent Kds
for V0.5 activation and percentage channel modiﬁcation indi-
cate that DDT may have more than one class of binding site
on the para Na channel. Because of the low solubility of
DDT it was not possible to obtain saturating concentration–
response relationships. Also, as stated previously, there must
be some doubt about the actual concentrations of DDT that
were employed in these investigations [32]. Despite these diﬃ-
culties, the relationships do provide rule-of-thumb compari-
sons of apparent Kds.
We have shown that the action of DDT is greatly inﬂuenced
by the kdr mutation L1014F on IIS6. In contrast, it is only
slightly inﬂuenced by the super-kdr mutation M918T on the
IIS4–S5 linker. These results suggest that DDT shares a bind-
ing site with pyrethroids at or around residue L1014 in IIS6
[33], but, unlike pyrethroids such as permethrin and deltameth-
rin [10,17], it interacts only weakly with the M918 residue in
the IIS4–S5 linker. Vais et al. [17] proposed that the binding
of pyrethroid to the open channel conformation of the linker
IIS4–S5 slows the inward movement of IIS4, resulting in slow-
ing of deactivation and the appearance of tail currents. This
proposal is consistent with a report by Salgado and Narahashi
[34] that pyrethroids immobilise the gating charge of a Na
channel. DDT also decreases the oﬀ-gating current, causing
50% of the oﬀ-charge to return more slowly than normal after
a single activating pulse [35]. Although interaction of DDT
with M918 is weak, we cannot rule out the possibility that it
binds to other sites on the linker, thereby inﬂuencing move-
ment of IIS4. The fact that resistance mutations in this linker
have not been discovered in insects exposed for prolonged peri-
ods to DDT does not exclude this possibility. Such mutations
may have occurred, but have not survived because the ﬁtness
cost was too high. Nevertheless, the discovery that the
M918T mutation has only a weak eﬀect on DDT sensitivity
is important because this mutation is highly eﬀective in reduc-
ing sensitivity of the para Na channel to pyrethroids, a group
of insecticides that are also widely used to control malaria.
Vertebrate voltage-gated Na channels are much less sensitive
to DDT and pyrethroids than their insect counterparts [7,10].
In the rat IIA Na channel, at least part of this diﬀerence can be
accounted for by residue I874 (corresponding to M918 in the
para Na channel). Mutation of this residue to a methionine
(I874M) increases sensitivity to deltamethrin by 100-fold [10].
Signiﬁcantly, the I874M mutation does not increase sensitivity
to DDT (M(%) = 0.5 ± 0.1 (n = 5) and 0.4 ± 0.1 (n = 3) for
wild-type and I874M mutant, respectively, with 10 lM
DDT), providing further evidence that the I874 residue does
not interact with DDT.
Given that it has not been possible to characterise a binding
site for pyrethroids and DDT using conventional, radioli-
gand-binding methodologies, the identiﬁcation of mutations
that aﬀect sensitivity to these insecticides in resistant insect pop-
ulations and their analysis by in vitro expression in oocytes has
proved an eﬀective alternative strategy for deﬁning some of the
key residues that are likely to form elements of the DDT/pyre-
throid binding site(s). It is worth noting that recent advances in
the crystallisation and structural analysis of ion channel pro-
teins, particularly K channels [36], now oﬀer new opportunities
for developing and exploiting computer-generated models
of voltage-gated Na channels for in silico ligand binding pre-
dictions (see for example [37]). The integration of these
computer-based modelling techniques with oocyte expression
6324 P.N.R. Usherwood et al. / FEBS Letters 579 (2005) 6317–6325studies to investigate structure–activity relationships will oﬀer
new prospects for the design of novel DDT/pyrethroid-like
compounds with resistance-defeating properties.
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